Transcription controls active at the initial stages of meiosis are clearly key elements in the regulation of germinal differentiation. Transcription of the Sycp1 gene (synaptonemal complex protein 1) starts as early as the leptotene and zygotene stages. Constructs with Sycp1 5′ upstream sequences directed the expression of reporter genes to pachytene spermatocytes in transgenic mice. A short fragment encompassing the transcription start (n.t. −54 to +102) was sufficient for stage-specific expression in the adult male and for temporal regulation during development. Upstream enhancer element(s) quantitatively regulating expression were localized in the region between −54 and −260. The gene is normally expressed both in the male and female gonads, but none of the promoter sequences active in the testis allowed the expression of reporter genes during meiosis in the ovary.
Introduction
Meiosis reduces the ploidy of the genome, generates diversity by homologous recombination, and maintain genetic integrity by repair processes. With such a crucial role in sexual reproduction and in the maintenance of the species, it is striking how little is known in higher organisms of the molecular mechanisms which control the entry of germ cells into their differentiation pathway. A better knowledge of the transcriptional regulations operating at the first stages of meiosis would clearly be of interest in this respect, but progress has been delayed by the lack of differentiated germinal cell lines. Studies in transgenic mice recently led to the identification of the promoters of three genes active in the early meiotic cells of the male Hsp70-2 (Dix et al., 1996) , Pdha-2 (Iannello et al., 1997) , and Xmr (M. Jasin, pers. comm.). We have identified, cloned and assigned to mouse chromosome 3 the Sycp1 gene encoding synaptonemal complex protein 1 (Sage et al., 1997) , a major component of the central element of the synaptonemal complex (Meuwissen et al., 1992) . The protein is present exclusively from the beginning of the zygotene up to the diplotene stage, both in the male and in the female gonad (Heyting et al., 1989; Offenberg et al., 1991; Dietrich et al., 1992; Meuwissen et al., 1992 : Moens et al., 1992 Dobson et al., 1994) . The concomitant expression of RNA and protein is indicative of a control at the transcriptional level (Meuwissen et al., 1992) . Unlike Hsp70-2, Pdha-2, and Xmr, all of which are male-specific, Sycp1 presents the interest to be expressed at the same stages in male and female germ cells, thus opening the possibility of a comparative analysis in the two sexes.
We therefore sought to identify the elements responsible in the mouse for the germ cell-specific expression of Sycp1.
Fragments from the region of the mouse locus immediately upstream of the transcription start were tested for their ability to direct the expression of reporter genes. We used transgenic mice as a biological assay system, as no established cell line could be identified that would transcribe the endogenous gene to a detectable level. Cell-and stage-specific expression in the mouse was readily obtained with transgenes that included only a short fragment immediately upstream of the transcription start site. Most unexpectedly, however, none of the constructs which were efficient in the testis allowed expression at the same meiotic stages in the embryonic ovary.
Results

Evolutionary conservation of nucleotide sequences in the 5′ region of the Sycp1 locus
We previously reported the restriction map and the nucleotide sequence of the 5′ flanking region of the mouse Sycp1 gene over a length of 2 kb (Fig. 1A) (Sage et al., 1997) . This upstream region does not contain a TATA box, but the transcription start site is included within the initiator element CCA +1 GTCC (Smale and Baltimore, 1989 ). Screening of a rat genomic library with a 692 bp rat cDNA PstI fragment which covered 585 bp of the 5′ end of the Sycp1, coding region and a stretch of untranslated leader sequence (Meuwissen et al., 1992; Sage et al., 1995) yielded five genomic clones, one of which extended 5′ of the transcription start. The most 5′ BamHI fragment that hybridized with the 692 bp cDNA probe was subcloned and its nucleotide sequence was established. As in the mouse, the rat upstream region shows no TATA box but a CCA + 1 GTCC transcription initiator. The nucleotide sequences in the region analyzed, extending from positions −324 to +268 relative to the transcription start of the murine gene, show an overall identity of 80% in the two species (Fig. 1B) . A computer search indicated a variety of possible binding sites for transcription factors in the putative promoter region. The high degree of conservation between the two species is, however, a clear indication that this region is likely to contain important regulatory elements.
Promoter activity in established cell lines
We constructed a series of recombinant DNA molecules with parts of the sequences 5′ of the Sycp1 transcribed region linked to either the b-galactosidase or the luciferase reporter genes (see Section 4 and Fig. 1A ). We first conducted a search for cell line(s) that might possibly express the gene to provide a biological assay for the identification of genetic elements important for its meiotic expression. Only one line, GC-1spg, appeared as a possible candidate, since it had been reported to express some of the molecular markers of early spermatocytes (Hofmann et al., 1992) . We were, however, unable to detect Sycp1 transcripts in GC1spg cells, even using sensitive RT-PCR assays (data not shown). We then measured reporter expression after transfection of the constructs into cells of various lines of nongerminal origin, in the hope that at least a low activity would reveal the presence of a promoter. Unexpectedly, however, in all them -namely 15P-1 Sertoli cells, Pam 212 epithelial cells, BALB/3T3 fibroblasts and 293 cells from human embryonic kidney -as well as in GC-1 spg themselves, high levels of luciferase activity were observed upon transfection. Fig. 2 shows the results obtained with 293 cells, and similar results were generated with the other lines. Even the smallest Sycp1 fragment, extending only to nucleotide −54, allowed luciferase expression at a low but detectable level. A clear promoter activity, although apparently not a meiosis-specific one, is thus exerted by sequences in the proximal 5′ region of the Sycp1 gene. One possible explanation is that silencing elements outside the largest fragment tested (−1848/+102) prevent Sycp1 expression in somatic cells in vivo. Alternatively germinal specificity may depend on a signaling system lost in cultivated cells. (Shaper et al., 1994) , luciferase was used in this case as a reporter, and for comparison, a [−260/+102] construct was tested in parallel for luciferase expression. Two-five transgenic families (Table 1) were established for each construct, all of them with different integration sites and transgene copy numbers (not shown). The activity of the reporter gene in the testis and other tissues was measured for at least five males in each family by enzymatic assays on total cell extracts. For each construct, at least two families expressed the transgene, all of them exclusively in the testis. This was true even for the mice which carried the shortest [−54/ + 102] Sycp1 sequence. However, expression levels were lower in these families, indicating that sequences 5′ to nucleotide −54 exert an enhancer effect in vivo, as they do upon transfection in non-germinal cell lines (Fig. 2) . This quantitative effect was better evaluated by comparing enzymatic activities in the testes of mice carrying luciferase reporters driven either by the [−54/+102] or by the [−260/+102] Sycp1 promoter. The latter consistently showed 10 to 100-fold higher activities (Fig. 3) .
Testis-specific expression in transgenic mice
Meiotic expression in the adult testis
Testis-specific expression of the b-galactosidase was con-firmed by X-gal staining of various organs (not shown). To identify the cell type(s) expressing the trangenes, we then analyzed b-galactosidase activity in situ in testis sections. As shown in Fig. 4A , X-gal positive cells in the testes of the [−260/+102]lacZ animals corresponded to the second layer of germ cells at the periphery of the tubules. Counterstaining with hematoxylin confirmed that the lacZ positive cells were pachytene spermatocytes at stages III-IV to X of the cycle of the seminiferous epithelium (Clermont, 1972) . At the zygotene and early pachytene stages, a weaker b-galactosidase expression could be detected in some of the sections (data not shown). Postmeiotic cells were never found positive, nor the early zygotene and diplotene spermatocytes (Fig. 4A ). These results indicate that the sequences involved in the onand off-switches of Sycp1 expression are localized within the promoter fragments analyzed. X-Gal-negative cells correspond to the stages at which the expression of the endogenous Sycp1 gene is either absent (haploid cells) or too low for b-galactosidase accumulation at a sufficient level (Meuwissen et al., 1992) .
To determine if the part of Sycp1 first exon (+1 to +102) present in these fragments is necessary to establish the pattern of expression of the reporter genes, two additional transgenic families were generated by microinjection of constructs lacking this fragment, but keeping the 
Developmental regulation in prepuberal mice
To check whether the onset of transgene expression is identical to that of the endogenous Sycp1 gene, we measured the expression of the reporter genes in immature animals. The first wave of meiosis in the juvenile testis is synchronous with the appearance of the first meiotic cells, the leptotene spermatocytes, around day 10 after birth. The first pachytene cells appear at day 14, and the first haploid cells after 3 weeks (Bellvé et al., 1977) . We analyzed the . 4C and 5B), and the same as that of the endogenous gene (Meuwissen et al., 1992) .
The A-Myb transcription factor is not necessary for Sycp1 expression
Comparison of the mouse promoter with the rat sequence indicates the presence of a putative binding site for the transcription factor C-Myb in both species. The A-Myb protein, which binds the same motive as C-Myb, is specifically expressed in male early meiotic cells (Mettus et al., 1994) . Inactivation of the mouse gene encoding A-Myb leads to an arrest at the pachytene stage of spermatogenesis and the expression of several meiotic genes is abolished (Toscani et al., 1997) . To test whether Sycp1 was still expressed in the absence of A-Myb, RT-PCR experiments were conducted Fig. and the following) . All results are relative to a CMVlacZ internal control. Control vector (pXP1) contains the luciferase reporter gene without promoter. The SV40-luc plasmid activity was fixed arbitrarily to 100.
on testis RNA from control and from A-myb −/− mice. As shown in Fig. 6 , transcripts of Sycp1 were still detectable in mutant animals, indicating that A-Myb is not necessary for Sycp1 expression in early meiotic cells.
None of the transgenes which are faithfully expressed in the testis are transcribed in the ovary
In mammals, female gametogenesis takes place during embryonic development and is arrested before birth at the dictyotene stage. During the prophase of the first meiotic division, the synaptonemal complex is morphologically identical to that in spermatogenic cells (Dietrich and Mulder, 1983; Scherthan et al., 1996) . It is mostly visible at the pachytene stage, which, in the fetal ovary, occurs between embryonic days E15 and E17, and not at the later stages of oogenesis . Immunolocalization with an antibody directed against the rat protein (Meuwissen et al., 1992) detected SCP1 in the mouse embryonic ovary only at days E16-17 (data not shown), as previously found in the rat . We then analyzed the expression in the ovary of the reporter genes expressed in the various transgenic families during the male meiosis. Neither in situ detection of b-galactosidase, nor the more sensitive luciferase assay, detected any expression of the transgene (data not shown). RT-PCR experiments conducted with ovary RNA from E16 [−1 848/+102]lacZ and from E1 [−260/+1 02]lacZ transgenic mice, failed to detect the fusion transcripts between the first exon of Sycp1 and lacZ sequences, whereas expression of the endogenous gene was readily detected in the same samples (Fig. 7A) .
One possible explanation of this absence of expression is the use of an alternative Sycp1 promoter in female germ cells, as it has been reported for the DNA methyltransferase gene (Mertineit et al., 1998) . To test this hypothesis, we used the rapid amplification of cDNA ends (5′ RACE) technique to determine the transcription start site of Sycp1 in meiotic cells from E16 ovaries. 12 clones, containing the longer cDNA fragments among 48 RACE clones analyzed, were sequenced. These sequences clearly indicate that the transcription start site in female germ cells is identical to the one previously defined in male germ cells (Sage et al., 1997) (Fig. 7B) . It therefore, appears that the signals which ensure temporal and spatial expression of the Sycp1 gene in the male meiosis are not sufficient for its expression in the female.
Discussion
The Sycp1 gene is specifically expressed during the prophase of the first meiotic division in the male and female germ cells (Dietrich and Mulder, 1983; Heyting et al., 1989; Offenberg et al., 1991; Dietrich et al., 1992; Meuwissen et 
Enhancer activity within the Sycp1 promoter sequence
Since the enhancer present in the Sycp1 promoter is active in cell lines of various origins, it clearly depends on the action of ubiquitous transcription factors. The same conclusion has been previously reached for the late meiotic Pgk-2 and Tcp-10bt genes (Goto et al., 1993; Ewulonu et al., 1996) . An AP-2 binding site has been shown to be involved in the enhancer activity of the latter. Preliminary results in transgenic mice (not shown) suggest that this is not the case for Sycp1, since deletion of the only putative AP-2 binding site, and also of a putative NF-kB site, both conserved in the rat promoter (Fig. 1 ) has no effect on the level of transgene expression. Analysis of other transcription factors that could possibly interact with the enhancer/promoter region of Sycp1 is presently in progress.
Control of Sycp1 early meiotic expression via a short fragment
Sequence comparisons between the four mouse early meiotic genes described so far, Sycp1, Hsp70-2, Pdha-2, and Xmr (Dix et al., 1996; Iannello et al., 1997 ; M. Jasin, pers. comm.) reveals no conservation of consensus binding sites for transcription factors (data not shown). There is, however, a high degree of similarity between the mouse and rat Sycp1 promoter sequences, with for instance the conservation of an E box and of a potential site for the Myb transcription factors (Fig. 1) . We have shown here that although A-Myb is involved in the regulation of early meiotic events (Toscani et al., 1997) , it is not necessary for Sycp1 expression, since Sycp1 transcripts are present in testis from A-Myb − / − mice. Identification of protein binding sites within the minimal upstream promoter region up to −54 is currently in progress. Gel retardation assays revealed a complex pattern of sites recognized by either ubiquitous or testis-specific proteins, which will require further analysis. Methylation of the early meiotic Pdha-2 upstream regulatory regions is associated with the silent state of this gene in somatic tissues (Iannello et al., 1997) , and a similar result has been reported for the late meiotic gene Pgk-2 (Zhang et al., 1998) The proximal Sycp1 promoter is GC rich and contains four CpG dinucleotides in the first 59 bp, and 27 more in the [−260/+102] fragment. Our preliminary results indicate an extensive methylation of this region in somatic tissues, disappearing when the cells enter meiosis. Assuming a causal relationship between methylation and lack of expression, the absence of methylation of the plasmids transfected in somatic cell lines could explain the high levels of reporter gene expression.
Interestingly, the meiotic promoters characterized in Drosophila are also relatively short (Bo and Wensink, 1989; Glaser and Lis, 1990; Yanicostas and Lepesant, 1990; Yang et al., 1995) . One can speculate that at least part of the mechanisms that control gene expression during meiosis may have been conserved during evolution, a speculation which clearly requires further investigation.
Distinct mechanism for Sycp1 expression in female germ cells
In female germ cells, expression of the Sycp1 gene appears to be under a distinct control. No expression could be detected even using sensitive RT-PCR assays, in the case of transgenes expressed in the testis, and in mice carrying up to 1848 bp upstream of the Sycp1 transcription start. The growing list of germ cell-specific promoters ana- Fig. 6 . The Sycp1 gene is transcribed in the absence of the A-Myk transcription factor. RT-PCR were carried out on testis RNA from control and A-Myb −/− mice (Toscani et al., 1997) . RNA was pretreated with DNaseI, and also exposed or not to RNaseA digestion (+ and −), prior to reverse transcription. Sycp1 transcripts are detected in RNA from both control and mutant mice. RNA was pretreated with DNaseI, and also exposed or not to RNaseA digestion (+ and −), prior to reverse transcription. Sycp1 transcripts are detected in RNA from adult testis and RNA from ovaries at embryonic day 16 (E16) and 17 (E 17), but not in liver RNA. The lacZ mRNA is only detected in the transgenic adult testis. (B) 5′ RACE experiment conducted on E16 embryonic ovary RNA. Twelve clones selected on their size were sequenced: the sequence of these clones is indicated, with the transcription start site previously defined in testis RNA.
lyzed in transgenics includes only male-specific genes (Iannello et al., 1997 and references therein), whereas Sycp1 is also expressed during the female meiosis. In contrast to the ovary, in which meiosis is initiated early during development, onset of meiosis in the testis is delayed until the time of puberty. It has been hypothesized that a meiosis-inhibitory substance secreted by embryonic Sertoli cells was responsible for the arrest of male germ cells, whereas entry into meiosis of female germ cells could be a default pathway (McLaren and Southee, 1997 and references therein). The absence of expression of the reporter genes in oocytes of the Sycp1 transgenic mice is indicative of the existence of different transcriptional mechanisms controlling early meiotic events in the male and the female. In contrast to the situation described for the DNA methyltransferase gene (Mertineit et al., 1998) , the Sycp1 transcription start site is identical in female and male germ cells. It will be important to determine the regulatory mechanisms acting during female meiosis, but this will require a new series of transgenic mice with longer fragments of Sycp1 sequences, either 5′ or 3′ of the transcription start site. In this respect, the high degree of conservation of the first intron sequence in the rat and mouse genes ( Fig. 1 ) makes it one of the possible candidates for a role in the regulation of Sycp1 expression during the female meiosis.
The Sycp1 promoter as a tool to express genes during meiosis
The Sycp1 promoter may also be useful as a tool to direct the expression of genes of interest to the early meiotic stages. We have for instance generated transgenic mice where the Cre recombinase is expressed during meiosis under the control of the [−722/+102] Sycp1 promoter, and shown that loxP-flanked sequences are efficiently excised during the male gametogenesis (Vidal et al., 1998) .
Experimental procedures
Cell culture and transfection experiments
Cell lines GC-1 spc (Hofmann et al., 1992) , 15P-1 (Rassoulzadegan et al., 1993) , Pam212, (Yuspa et al., 1980) , BALB/3T3, (clone A31, American Type Culture Collection CCL-163) and 293 (Graham et al., 1977) were transfected with 2 mg of promoter construct together with 0.1 mg of an internal CMV-lacZ control, using the calcium phosphate coprecipitation method (Sambrook et al., 1989) 2 × 10 4 cells were seeded per 35-mm dish. Enzymatic assays were conducted 2 days after the transfection.
Microinjection and analysis of transgenic mice
Transgenic mice were generated by microinjection of plasmid DNA into fertilized eggs according to standard techniques (Hogan et al., 1986) . Verification of transgenic animals was performed by Southern and/or dot blot analysis of tail DNA (Sambrook et al., 1989) . All transgenic families were generated and maintained in C57BL/6 × DBA/2 F1 genetic background.
Isolation of rat genomic clones
Rat genomic clones were isolated by screening a genomic library (Sambrook et al., 1989) in vector lambda DASH (Lambda DASH ® II Undigested Vector kit, Stratagene) with a rat cDNA probe (Meuwissen et al., 1992) .
Sequence analysis
DNA sequencing was performed using the Sequenase II kit from Amersham. The fasta software of Genetic Computer Group was used for sequence comparisons in database libraries. Accession numbers in the Gen-Bank and EMBL data banks for the rat and mouse promoter sequences are AF020295 and AF020296, respectively.
Plasmid constructs
All DNA fragments were derived from a genomic clone containing 12 kb of sequences upstream of the Sycp1 transcription start site ( Fig. 1) (Sage et al., 1997) . In their 3′ end, all promoter fragments tested except one (see below) extend to a SacII site present in the first exon al position +102 (Sage et al., 1995) . Digestion of the genomic clone with BamHI and SacII yielded a 2 kb fragment which was treated with the Klenow fragment of DNA polymerase (Biolabs) and inserted at the EcoRV site of the pBluescript KS(-) vector (Stratagene). A 1950 bp EcoRI-XhoI fragment was then subcloned in plasmid pnassb (Clontech) carrying the lacZ reporter gene ([−1848/+102]lacZ plasmid). To obtain constructs with shorter genomic sequences, PCR amplification was performed, using 18 bp internal oligonucleotides as 5′ primers in conjunction with the T3 primer, on the same BamHISacII fragment subcloned in pBluescript. The PCR fragments were cloned in the pBluescript KS(−) vector, checked by sequencing, and transferred in the EcoRI-XhoI sites of plasmid pnassb (see Fig. 1 and Table 1 ). The same promoter fragments were also transferred in front of the luciferase reporter gene in the plasmid pXP1 (Li et al., 1994 ) (same plasmid names with 'luc' instead of 'lacZ'). An additional plasmid was constructed with 5′ upstream sequences between positions −260 and +5. A PCR fragment was amplified with the same 5′ primer as for the [−260/+102]lacZ construct, the other primer encompassing the transcription start of Sycp1 (position +5/−15). This 265 bp fragment was subcloned in pXP1, to create the [−260/+5]luc plasmid.
RNA isolation and analysis
Total RNA was prepared using the isothiocyanate method (Chomczynski and Sacchi, 1987) . RNA samples from control and A-Myb − / − mice were a kind gift of T. Toscani (Fels Institute for Cancer Research and Molecular Biology, Philadelphia, PA) (Toscani et al., 1997) . All fetal ovaries from one pregnant female were pooled, and to ensure comparable RNA preparation, the amount of testis and liver used were approximately the same. Total RNA was treated with DNaseI (Boehringer), phenol extracted and ethanol precipitated. Two micrograms of RNA was reverse transcribed and amplified using the Titan kit from Boehringer. In control reactions, RNA was pretreated with RNaseA. Sequences of the primers used to detect Sycp1 transcripts correspond to positions 115-135 and 495-475 in the cDNA (Sage et al., 1995) , yielding a 380 bp-long product. Those of the oligonucleotides used to detect the fusion transcripts between Sycp1 and lacZ are at position 50-68 in the Sycp1 cDNA and at position 444-425 in the lacZ reporter of the pnassb plasmid (accession number U02433), producing a 550 bp product on genomic DNA (encompassing the SV40 intron) and a 450 bp product on the fusion transcript. Cycling conditions were 30 s at 94°C, 1 min at 55°C and 30 s at 72°C, for 32 cycles. The reaction products were hybridized with an internal probe (position 245-265 in Sycp1 cDNA and 358-378 in pnassb). The Sycp1-lacZ cDNA fragments were subcloned in pBluescript and sequenced to confirm the correct splicing of the SV40 intron. The determination of the 5′ end of the Sycp1 gene in oocytes was performed using the 5′ RACE kit from Boehringer, following a previously described procedure (Sage et al., 1997) .
Reporter genes activity assay
b-galactosidase activity was assayed in tissue extracts using the Galacton substrate as described (Shaper et al., 1994) . In situ determination was performed with an alternative procedure to cryosections, allowing for a better conservation of the seminiferous epithelium structure. The albuginea was removed and the tissue was gently stretched out with forceps to facilitate the penetration of X-gal. Fixation in 2% paraformaldehyde for 1 h at 4°C was followed by a 16 h incubation at room temperature in 0.2% X-gal. After staining, testes were post-fixed for 24 h in 10% paraformaldehyde and included in Leica Historesin following the manufacturer's protocol (Leica Instruments). Five-micrometerthick sections were counterstained with Harris hematoxylin.
Luciferase activity was measured with the Luciferase Assay System (Promega) using the conditions indicated by the manufacturer.
Immunolocalization of the mouse SCP1 protein
Eight-micrometer-thick cryosections of adult testes and of embryonic day 15 or 16 (E15 or E16) ovaries were incubated with polyclonal antibodies directed against the rat protein as previously described (Meuwissen et al., 1992) .
